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First-principles calculations based on density-functional theory in the pseudo-potential approach
have been performed for the total energy, crystal structure and cell polarization for SrTaO2N/SrTiO3
heterostructures. Different heterojunctions were analyzed in terms of the termination atoms at
the interface plane, and periodic or non-periodic stacking in the perpendicular direction. The
calculations show that the SrTaO2N layer is compressed along the ab-plane, while the SrTiO3 is
elongated, thus favoring the formation of P4mm local environment on both sides of the interface,
leading to net macroscopic polarization. The analysis of the local polarization as a function of the
distance to the interface, for each individual unit cell was found to depend on the presence of a N or
an O atom at the interface, and also on the asymmetric and not uniform c-axis deformation due to
the induced strain in the ab-plane. The resulting total polarization in the periodic array was ≈ 0.54
C/m2, which makes this type of arrangement suitable for microelectronic applications.
I. INTRODUCTION.
In nature there exist several compounds with chemi-
cal formula ABO3 and perovskite structure (for example
A=Ca, Sr, Ba or lanthanide, B= Ti, Ta or Nb). For
some A and B combinations, compounds with highly de-
sirable physical properties such as superconductivity, fer-
romagnetism, ferroelectricity, piezoelectricity and giant
magneto-resistance have been found1. These materials
have been widely investigated in the last decades due
to the scientific and technological interesting properties
they present, leading perovskite-type compounds to an
extensive use in microelectronics. Some of them present
drastic anomalies in their dielectric constant at a given
temperature that indicate the occurrence of a phase tran-
sition, for example a paraelectric-ferroelectric or else a
paraelectric-antiferroelectric phase transition. In the last
years AB(O,N)3 oxynitrides have attracted much atten-
tion due to their novel electronic functionalities, such as
high dielectric constant2, visible light absorption3, pho-
tocatalytic activity and colossal magneto-resistance4,5.
They are formed by the partial substitution of oxygen
by nitrogen atoms into the anionic network of the ABO3
perovskites. The consequent increase of negative charges
is compensated with cationic substitutions in the B site
(for example Ti by Ta)6–9. The replacement of O by
N may change the color of the initially white powders,
so, the oxynitrides have potential use as safe colored pig-
ment material able to replace currently used contaminant
heavy metals (Cr, Cd, Pb, etc.)3. The change in the re-
sulting optical properties has fueled a number of recent
studies. However, the changes in bonding and structure
that come along with the introduction of nitride ions may
also give rise to interesting dielectric behavior. The alio-
valent substitution provides a mechanism for enhancing
the dielectric polarizability through the substitution of
more polarizable ions into the lattice10. Furthermore, the
reduced electronegativity of the nitride ion, with respect
to the oxide ion, will tend to increase the covalency of
the cation-anion bonds2. The increased covalency of the
bonding can in turn increase the likelihood of cation dis-
placements through a second-order Jahn-Teller distortion
of the d0 cation11–13. In literature, such displacements
are commonly associated with the origin of ferroelectric-
ity in many cases. On the other hand, the mixed occu-
pancy of the anion sites in oxynitrides, AM(O1−xNx)3,
provides a condition like that found in relaxors, as the po-
larized octahedral cations will experience random chem-
ical environments in the absence of complete O/N or-
dering. It is, therefore, an interesting issue to examine
whether the oxynitride perovskites possess intrinsically
high κ and relaxor-like properties.
The electronic functionalities of perovskite oxynitrides
may be influenced by the geometrical configuration of the
O and N atoms around their metal cations. For ABO2N-
type oxynitrides, in which each B cation is surrounded
by four O and two N ions forming a BO4N2 octahedron,
there are two possible anion configurations: the two ni-
trogen ions can occupy either adjacent (cis-type) or op-
posite (trans-type) sites. Researchers have argued that
the dielectric properties of ABO2N are related to anion
arrangement: for example, Page et al. suggested that fer-
roelectricity in trans-type anion-ordered ATaO2N (A=Sr,
Ba) phases may be caused by the off-center displacement
of Ta ions14. They investigated this concept by theoret-
ically studying the stability of phases with different ni-
trogen arrangements and space groups. However, trans-
type phases in this system are less energetically stable
than cis-type phases, and bulk SrTaO2N (STN) speci-
mens have been confirmed to exhibit cis-type configu-
rations in an I4mcm centrosymmetric space group15,16.
However, different ferroelectric and relaxor regions were
recently detected in thin films samples of STN epitaxi-
ally grown on a SrTiO3 (STO) substrate
17,18. The lattice
mismatch between the compound and the substrate pro-
duces strain on the oxynitride in the plane parallel to the
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2interface thereby reducing the in-plane lattice constant
when it is grown as thin film. This induced strain fa-
vors the stabilization of a trans-type non centrosymmet-
ric polar P4mm ferroelectric structure14,17. Also, J. H.
Haeni et al. suggested that strain and substrate clamp-
ing induces in epitaxial STO films structures that are
not present on the bulk material. For the case of tensile
strain, a phase transition from a the tetragonal P4mm
high temperature phase to the orthorhombic Cmcm low
temperature phase may occur19.
Computational quantum simulations have proven to
be a suitable tool for understanding the microscopic pro-
cesses that drive the physical properties of materials. Be-
yond the simplifications that are made to model the sys-
tems, due to the complexity of real materials (especially
in disordered and ceramic materials), they can lead to
a better understanding of the individual processes in-
volved. Some previous studies on phase stability in bulk-
strained STN and STO have been published14,17,19–21.
Nevertheless, the behavior of the SrTiO3/SrTaO2N inter-
face opens new questions regarding the mutually induced
strain and cell deformations, together with the possible
coupling of the dipole moments above and below the
interface. The bulk lattice mismatch (aSTO= 3.905 A˚ ,
aSTN= 4.0271 A˚ ) produces a tensile strain for the STO
layer and a compressive strain on the STN layer when the
interface is formed. Accordingly, both compounds could
stabilize in the ferroelectric P4mm phase. In this work,
we study different configurations of SrTiO3/SrTaO2N in-
terfaces within the Density Functional Theory (DFT)22.
We will analyze the ferroelectric distortion in the tetrag-
onal induced P4mm phases above and below the inter-
face, due to compressive strain on the side of SrTaO2N
and tensile strain corresponding to the SrTiO3, in order
to compute the resulting net dipole moment. The paper
is organized as follows: in Section II the configurations
of the different constructed interlayers are explained. In
section III the method used for calculations is described.
In SectionIV the comparative results of the calculations
of the pure STN and STO vs. the SCs systems are shown.
In Section V a detailed analysis of the cell and sub-cell
polarization is presented. In Section VI the summary and
conclusions. Finally, we include Supplementary Informa-
tion with a detailed information of the atomic positions
and polarization contributions per atom for the SCs in
study.
II. THE SYSTEM UNDER STUDY.
Bulk STN have been reported to exhibit cis-type con-
figuration with I4mcm space group at room tempera-
ture (RT),with lattice constants a= 5.70251(6) A˚ and c=
8.05420(16) A˚ (using the pseudo-cubic parameters a ≈
4.032 A˚ and c ≈ 4.0271 A˚ 2). On the other hand, at
room temperature STO crystallizes in the simple cubic
perovskite structure with space group Pm3m and lattice
parameter 3.905 A˚ . For the case of an interface consist-
ing of a STN thin film over a STO substrate, a substantial
lattice mismatch (3.28%) exists during hetero-epitaxial
deposition due to the difference in the in-plane lattice
constants. As a result, the substrate becomes subjected
to high tensile strain, which in turn may cause an al-
teration of the lattice symmetry of STO from cubic to
tetragonal, and this results in the consequent appear-
ance of Raman-inactive first-order phonons18. Also, at
the STN side, a compressive epitaxial stress may stabi-
lize a ferroelectric trans-type P4mm phase, as suggested
by Page et al.14. In order to study the electrical polariza-
tion induced by the tensile (compression) stress in STO
(STN) as a function of the distance of the respective sub-
cell unit (constituted by each individual perovskite cell
structure) to the interface plane, supercells (SC) were
made with different sizes and configurations. For this
purpose, n-SrTaO2N/n-SrTiO3 (n = 3, 4 and 5) SCs were
constructed, stacking n sub-cells of STN over n sub-cells
of STO in the 001 direction. An example of these struc-
tures for n=4 can be observed in Figure 1 (above). The
periodic boundary condition transforms this geometry in
a periodic multilayer .../STN/STO/STN/... with planar
interfaces. If the interface is constructed along the ab-
plane at the Sr atoms level, then, in the center of the four
Sr square plane there will be either an O or a N atom. If
there is an O atom (SrO interface-type), the STO sub-cell
just above the interface has a normal TiO6 octahedron,
whereas the STN sub-cell immediately below the inter-
face has a TaO5N octahedron (See Fig. 2 (a)). In order
to maintain the stoichiometry, in the next interface, gen-
erated by the periodic boundary conditions, there will be
a N atom in the middle of the Sr square (SrN interface-
type) (See Fig. 2 (b)) Thus, the STO sub-cell immedi-
ately below the interface has a TiO5N octahedron and the
STN sub-cell just above has a TaO4N2 octahedron, be-
ing this last the configuration for trans-type oxynitrides.
Therefore, this periodic multilayer array allows the analy-
sis of the electronic behavior of the two types of interface-
termination cases (SrO and SrN) simultaneously. Also,
in order to simulate a unique interface between a STO
substrate and a STN thin film to model the experimental
study of Ref.17, the V/m-SrTaO2N/n-SrTiO3 cells were
also built, with mxn = 4x8 and 5x10 (Figure 1 (below)).
These SCs have twice the unit formulas of STO with re-
spect to those of STN, and a V vacuum separator layer
10 A˚ thick in the [001] direction. The vacuum layer pre-
vents the induction of dipole moments and strain in the
STO layer from below by the STN layer due to period-
icity, as it occurs in the previous multilayer scheme. In
addition, the greater number of STO sub-cells compared
with those of STN, better reflects the experimental sit-
uation mentioned17. The V/m-SrTaO2N/n-SrTiO3 SCs
were built with two types of possible terminations at the
interface, that is, with an O or a N atom at the separa-
tion plane of the interface. They correspond to SrO or
SrN-type respectively (As seen in Fig. 2).
For all the SCs in this work, an initial tetragonal con-
figuration was used for both layers, where the initial lat-
3FIG. 1. Color online. Schematic atomic distribution in 4-SrTaO2N/4-SrTiO3 (above) and V/4-SrTaO2N/8-SrTiO3 (below)
SCs.
FIG. 2. Color online. Detailed view of the different ter-
mination modes at the interface (central horizontal Sr’s
plane). SrO-type termination corresponds to TaO5N/TiO6
octahedra (a), while SrN-type termination corresponds to
TaO4N2/TiO5N octahedra (b).
tice constant a has been chosen as an intermediate value
of the corresponding to bulk STO and STN. For the
STO layer, the initial positions were selected as a cen-
trosymmetric configuration (4/mmm), whereas for the
STN layer, a non-centrosymmetric (4/mm) configuration
was selected, being the Ta atoms slightly displaced out-
side of the symmetry plane. All the initial sub-cells of
each layer were built with the same configuration. From
these initial configurations, the whole atomic positions
and cell constants were relaxed, as described below.
Tests were performed with a different arrangement
of the N atoms in the STN shell: trans-type N atoms
parallel to the ab-plane of the interface resulted in or-
thorhombic final structures, and with final total energies
higher than those corresponding to the structures de-
picted above. For example, for the 3-SrTaO2N/3-SrTiO3
SC, the energy difference between the trans-type N atoms
parallel and perpendicular to the ab-plane resulted in
0.034 eV, which is greater than the precision of the cal-
culation method. Then, only the c-ordered trans-type N
atoms was considered.
III. METHOD OF CALCULATION.
Ab-initio electronic structure calculations were used
to determine the self-consistent potential and the charge
density of the different configurations analyzed, and from
these first-principles calculations, the cell polarization
was obtained. The calculations have been performed us-
ing the QUANTUM ESPRESSO code23, which is based
on the density functional theory (DFT)22.
For the electronic exchange-correlation potential the
generalized gradient approximation (GGA) based on
the Perdew-Burke-Ernzerhof expression was used24.
The electron-ion interaction was treated by using Van-
derbilt ultrasoft pseudopotentials25, with the following
valence electronic configuration, Sr(4s2 5s2 4p6 5p0
), Ti(3s2 4s2 3p6 4p0 3d2), Ta(5s2 6s2 5p6 6p0 5d3),
N(2s2 2p3) and O(2s2 2p4). Wave functions were ex-
panded by plane waves with a kinetic energy cutoff of 75
Ry and an energy cutoff of 600 Ry for the charge density.
The irreducible Brillouin zone was sampled using the
Monkhorst-Pack scheme with a 6x6x1 mesh26. In order
to calculate the density of states (DOS) the tetrahedron
method has been used with a denser 20x20x5 mesh27,
whereas the atomic-projected DOS were calculated by
the Lowdin populations28. For the analysis of the ionic
and electronic contribution to the Polarization, the
4Modern Theory of Polarization formalism according to
R.D. King-Smith and D. Vanderbilt29, and the Born’s
Effective Charge Tensor Method were used30,31.
IV. STRUCTURAL AND ELECTRONIC
PROPERTIES.
In order to check the reliability of this theoretical
approach and the applicability of the selected pseu-
dopotentials, it was first applied to determine the well-
established properties of pure bulk STN and STO. The
obtained results were compared with calculations per-
formed using the all-electron full-potential linear aug-
mented plane wave plus local orbital (FP APW) method
in the scalar relativistic version32–34, with the WIEN2k
implementation35, using the same exchange-correlation
potential. Thus, before proceeding with the study of the
different SCs, a summary of the main results obtained
for the pure systems is given below.
- I4/mcm STN.
Input structures for I4/mcm-STN (space group 140)
were constructed according to the experimental data
from Ref. 22. In this structure, the atomic Wyckoff
positions are Ta 4c, Sr 4b, N 4a and O 8h. This last
one has fractional coordinates (x, 1/2+x, 0). The only
degrees of freedom in the structure are a, c and x.
For the WIEN2k calculations, the energy cut-off cri-
terion was RmtKmax = 8 for the system (Rmt denotes
the smallest muffin-tin radius and Kmax the largest wave
number of the basis set). Integration in reciprocal space
was performed using the tetrahedron method, consider-
ing 300 k-points in the full Brillouin zone (BZ), which
are reduced to 10 k-points in the irreducible wedge of
the BZ (IBZ). In Table I, a, c, and x parameters ob-
tained after relaxation are presented. Both all-electron
and pseudopotential approaches show a good agreement
with the experimental data, although the cell volume, the
oxygen x position, the Ta-O, Sr-O and Sr-N distances are
closer to experimental data for QE calculations. We take
this as a very good validation of the method and the
pseudopotential selection.
- Pm3m STO.
For bulk STO, calculations were performed in the cu-
bic Pm3m phase (STOc) and in the tetragonal, both cen-
trosymmetric (I4mcm) and non-centrosymmetric phases
(P4mm) (STOtc y STOtnc respectively). The obtained
results are shown in Table I. For the cubic phase (STOc)
the lattice constant after optimization resulted in a cell
volume 2.6% higher than the experimental value. This
fact lies within the normal overestimation of volume cal-
culations using the GGA approximation. In the opti-
mization of the lattice constants and atomic positions
for the STOtc structure, the final a and c values re-
sulted almost the same, resulting in a quasi-cubic cell,
in very good agreement with the experimental value of
a. Whereas, for the STOtnc, it was obtained a tetrago-
nal distortion with c/a= 1.015 with the consequent dis-
placements of cations and anions in opposite direction,
that give rise to an electrical polarization. The total en-
ergy differences between the three structures are around
7× 10−4 eV, which is not significant because such differ-
ences are within the calculation method error and more-
over, it is well known that quantum fluctuations play an
important role in SrTiO3 preventing this compound to
make a phase transition to a ferroelectric structure.
Once the validation of the method was carried out on
the pure compounds, the relaxations of the lattice con-
stants and atomic coordinates of the SCs correspond-
ing to the different n-SrTaO2N/n-SrTiO3 and V/m-
SrTaO2N/n-SrTiO3 were performed. To analyze the in-
ternal behavior of the individual sub-cell units of the
SrBOxNy perovskites (B = Ti or Ta, x + y = 3), the
lattice constants of the individual sub-cell were consid-
ered as those corresponding to the distance between the
Sr atoms belonging to the same ab-plane for the case
of the constant aMi , and to the distance between the Sr
atoms of the adjacent planes for the case of the constant
cMi (M indicates the shell M = STN or STO, and i =
1 ... n,) (see Fig.1). In Tables II and III it can be ob-
served that, even starting from the initial configuration
where for each side of the interface the individual cell
constants aMi and c
M
i are equal for all i within each M,
the result after the optimization is more complex. Due to
the periodic boundary conditions, the constants aMi are
equal for all i on both sides of the interface, obtaining
an intermediate value of those corresponding to the STN
and STO bulks. The obtained values are around 3.96
A˚ in close agreement with the reported value in Ref.17
(3.98 A˚ ). Then the STN layer is compressed while the
STO layer is elongated, resulting in a compression strain
for the first and a tensile strain for the second, as ex-
pected. This gives rise to a possible ferroelectric behav-
ior in both layers, as will be analyzed later. In contrast,
the cMi constants of the individual sub-cells, after struc-
tural relaxation result in a more complex scheme that
will be analyzed in the next section. Fig. 3, shows the
PDOS of the atoms for the SC V/4-SrTaO2N/8-SrTiO3
(V-4x8) case (the other structures show a similar behav-
ior). Different shifts of the electronic levels compared
with the pure compounds can be observed. These shifts
are multiple due to the different value of the resulting
cMi constants and the local atomic rearrangement within
each sub-cell. Previous studies on other heterostructures
as CaZrO3/SrTiO3
37,38, and AHfO3/SrTiO3
39 show po-
larization induced and two-dimensional electron gas be-
havior, strongly dependent on strain, layer stacking and
thickness. The insulator-to-metal transition was re-
ported to occur at thickness strongly dependent on sur-
face termination. In the present study, no bands cross-
ing the Fermi energy are observed for any of the different
heterojunctions studied, suggesting that the presence of
nitrogen prevents this type of behavior.
5System Method a (A˚) c (A˚) Volume
(A˚3)
O x Ta-N
(A˚)
Ta-O
(A˚)
Sr-O
(A˚)
Sr-N
(A˚)
∆E (eV)
STN
I4/mcm
WIEN2k 5.586 8.2152 256.34 0.801 2.054 2.016 2.584 2.793
QE 5.643 8.218 261.66 0.796 2.055 2.028 2.621 2.821
Experimental
Ref.2
5.70251(6) 8.05420(16) 261.912(3) 2.01355(4) 2.019(5)
Experimental
Ref.36
5.7049(3) 8.0499(5) 261.99(4) 0.7721(4) 2.012 2.025 2.726 2.852
STOc
QE 3.939 61.12 0
Experimental
Ref.19
3.905 59.547
STOtnc
P4mm QE 3.9285 3.9865 61.52 -0.0006
STOtc
P4mm QE 3.939 3.938 61.10 -0.0007
TABLE I. Experimental and calculated lattice constants, volume, O x atomic positions and interatomic distances after full
relaxation of the bulk STN and STO structures. The total energy for STO is referred to that of the STOc structure.
Type Cell δ~pionic
(10−3C/m2) a (A˚) c (A˚) Type Cell
δ~pionic
(10−3C/m2) a (A˚) c (A˚) Type Cell
δ~pionic
(10−3C/m2) a (A˚) c (A˚)
3x3 3.960 4x4 3.960 5x5
Ti 5 7.9
3.959
3.871
Ti 4 10.5 3.869 Ti 4 2.8 3.942
Ti 3 12.6 3.863 Ti 3 3.5 3.935 Ti 3 2.8 3.950
Ti 2 4.4 3.926 Ti 2 3.3 3.941 Ti 2 2.7 3.946
Ti 1 4.1 3.906 Ti 1 3.2 3.912 Ti 1 2.6 3.917
Ta 1 3.9 4.416 Ta 1 3.0 4.422 Ta 1 2.4 4.430
Ta 2 12.1 4.324 Ta 2 9.2 4.326 Ta 2 7.5 4.328
Ta 3 12.5 4.354 Ta 3 9.3 4.327 Ta 3 7.5 4.326
Ta 4 9.5 4.362 Ta 4 7.6 4.330
Ta 5 7.97 4.365
TABLE II. Cell constants and ionic polarization obtained for the 3x3, 4x4 and 5x5 SCs after full relaxation of the atomic
positions and cell constants. The numbering of the simple perovskite unit sub-cell starts with 1 just above/below the interface
and increases as it moves up (for Ti sub-cells) or down (for Ta sub-cells) from it.
V. POLARIZATION ANALYSIS.
In this section the ionic and electronic contributions to
the polarization are analyzed. For each SC, the ionic po-
larization of each sub-cell constituted by each individual
perovskite cell structure was calculated.
It was not always clear how to calculate the polariza-
tion on a solid bulk, while studying a molecule or cluster
with no net charge, it is defined straightforwardly as the
separation of positive and negative charges in the system
so that there is a net electric dipole moment per unit
volume, where the ionic polarization is the one caused
by relative displacements between positive and negative
ions in ionic crystals.
With this definition in mind, and due to periodicity
on bulk solids, the polarization on these systems is a
multi-valued quantity, depending on the different choices
of lattice vectors, that results in different ways of specify-
ing the positions of the atoms. For each choice, a different
polarization value is calculated, thus a lattice polariza-
tion can be defined instead of a polarization vector. If all
the ions occupy positions with inversion symmetry, then
that structure is non-polar.
Disagreements on how to calculate the polarization on
solid bulks were ended with the so-called Modern Theory
of Polarization29. If the shape and/or size of the unit cell
are changed the polarization lattice will also change, as
for example in response to strain. So, the meaning of an
experimental measurement of the spontaneous polariza-
tion is the change of the polarization between an initial
and final state. This theory provides the following for-
mula in order to calculate the ionic contribution to the
polarization:
δ~pionic = ~p
f − ~p 0 = 1
V
∑
i
(
qfi r
f
i − q0i r0i
)
, (1)
where qi stands for the ionic charge of the individual
atom located at ri. The f and 0 upper indexes refer
to the final (polarized) and the initial (normally non-
polar) lattice structures. Considering symmetry provided
by periodic conditions, the sum must be performed over
non-equivalent atoms.
A. Sub-cell ionic polarization.
In the present study of SrTaO2N/SrTiO3 interfaces, in
order to analyze the different contributions to the total
polarization, the individual sub-cell ionic polarization is
6Type Cell δ~pionic
(10−3C/m2) a (A˚) c (A˚) Type Cell
δ~pionic
(10−3C/m2) a (A˚) c (A˚) Type Cell
δ~pionic
(10−3C/m2) a (A˚) c (A˚) Type Cell
δ~pionic
(10−3C/m2) a (A˚) c (A˚)
V
-4
x
8
ty
p
e
S
rO
3.954
V
-4
x
8
ty
p
e
S
rN
3.958
V
-5
x
1
0
ty
p
e
S
rO
Vac.
3.956
13.749
V
-5
x
1
0
ty
p
e
S
rN
Vac.
3.959
14.804
Ti 9 0.3 4.057 Ti 9 -0.2 3.973
Vac. 13.738 Vac. 13.923 Ti 8 0.4 3.964 Ti 8 0.0 3.896
Ti 7 0.2 4.060 Ti 7 -0.2 4.062 Ti 7 0.5 3.940 Ti 7 0.1 3.897
Ti 6 0.4 3.960 Ti 6 0.1 3.961 Ti 6 0.5 3.930 Ti 6 0.1 3.900
Ti 5 0.4 3.937 Ti 5 0.1 3.934 Ti 5 0.5 3.925 Ti 5 0.0 3.895
Ti 4 0.4 3.925 Ti 4 0.1 3.923 Ti 4 0.5 3.919 Ti 4 -0.0 3.877
Ti 3 0.4 3.921 Ti 3 0.1 3.917 Ti 3 0.5 3.919 Ti 3 -0.1 3.843
Ti 2 0.4 3.911 Ti 2 0.1 3.897 Ti 2 0.4 3.908 Ti 2 -0.1 3.813
Ti 1 0.3 3.863 Ti 1 -3.6 3.827 Ti 1 0.4 3.864 Ti 1 -3.2 3.741
Ta 1 -0.1 4.335 Ta 1 -3.3 4.290 Ta 1 0.0 4.339 Ta 1 -2.9 4.221
Ta 2 3.6 4.245 Ta 2 -3.1 4.210 Ta 2 3.1 4.248 Ta 2 -2.7 4.154
Ta 3 3.6 4.231 Ta 3 -3.1 4.194 Ta 3 3.1 4.240 Ta 3 -2.7 4.136
Ta 4 3.4 4.150 Ta 4 -0.0 4.133 Ta 4 3.1 4.238 Ta 4 -2.7 4.125
Ta 5 2.8 4.143 Ta 5 -0.1 4.062
TABLE III. Cell constants and ionic polarization obtained for the V-4x8 and V-5x10 SCs types SrO and SrN, after full
relaxation of the atomic positions and cell constants. The numbering of the simple perovskite unit sub-cell starts with 1 just
above/below the interface and increases as it moves up (for Ti sub-cells) or down (for Ta sub-cells) from it. The vacuum layer
is also included.
worth to be calculated. Still, care must be taken while
applying the above stated formula. By construction, two
different perovskite structures are matched together in
order to generate the compound. Despite the whole SC
is electrically neutral, this is not the case of each indi-
vidual sub-cell. In particular, the sub-cells belonging to
the interface have one N−3 atom in one face and an O−2
atom in the opposite face. After relaxation, due to ten-
sile/constrain strain, each sub-cell ends up having a dif-
ferent volume: the same ai for all sub-cells, but different
cMi . This causes lack of periodicity in the c-direction.
Moreover, the O, N and Ta/Ti atoms of the different
octahedra move along the 001 direction different lengths.
Thus, care must be taken for the individual sub-cell ionic
polarization calculation due to the atoms on the lower ab-
plane of each sub-cell are non-equivalent to those on the
upper ab-plane. The ionic polarization of each sub-cell
constituted by each individual perovskite cell structure
was thus calculated as the difference between the dipole
moments of each sub-cell, after and before displacement
from the symmetric position, as stated in equation (1).
Before relaxation, ~p 0 = 0 in almost all sub-cells, except
those two with non-zero net charge.
First, the positions of both the net positive and neg-
ative charge centers in every single sub-cell are found.
The net positive final charge center position rfq+ is cal-
culated by a weighted sum of the positions rfi,q+ of each
individual cation in the sub-cell:
rfq+ =
∑
imiwiνir
f
i,q+
Q+sub-cell
, (2)
where the weight of each constituent is calculated by the
multiplication of its valence charge νi, the fraction wi
(calculated by dividing the number of sub-cells that co-
share this individual atom) and the multiplicity mi of
equivalent atoms within the sub-cell, divided by the total
positive charge of the sub-cell Q+sub-cell. A similar formula
is used to calculate all the others charge position centers,
replacing initial positions instead of final positions, and
negative charge positions rfi,q− and Q
−
sub-cell for the anions.
A net electric dipole structure oriented on the c di-
rection is then formed, where the dipole displacement
df = rfq+ − rfq− . Finally, the local ionic polarization is
given by the dipole moment:
~pf =
qe
Vsub-cell
df . (3)
In the same way, ~p 0ionic is calculated. It must be re-
marked that there is no additive relation among the ionic
polarization on individual sub-cells and the total ionic
polarization of the whole SC structure. This is so, be-
cause in each individual sub-cell both upper and lower
ab-planes atoms , as they are non-equivalents, were taken
into account, so all atoms in the ab-planes contribute to
two different sub-cells, whereas in the total ionic polar-
ization each ab-planes atoms must be counted only once.
-Multilayer n-SrTaO2/n-SrTiO3 ionic polariza-
tion.
In Table II the results obtained for the cMi and the ionic
polarization of each sub-cell in the systems n-SrTaO2/n-
SrTiO3 (from here on “nxn”) are presented. Each sub-
cell has been labeled as Tai and Tii with i = 1...n, being
i = 1 the sub-cell corresponding to the central interface.
All these SCs were built with the first sub-cell having a
symmetric O octahedron at the Ti side of the interface
(i.e. corresponding to a TiO6 octahedron) and a non-
symmetric O-N octahedron at the Ta side (correspond-
ing to a TaO5N octahedron) for i = 1. This geometry
corresponds to the SrO termination-type. On the top
and the bottom of the SC following the c axis, periodic
boundary conditions form other interfaces with the in-
verted symmetry. For example, the 3x3 SC has a TiO5N
(non-symmetric) and a TaO4N2 (symmetric trans-type)
octahedron at each side of the interface for i = 3. This
corresponds to a SrN termination-type. In Table II, it
can be observed that, for the Ti containing shells, the
sub-cells present polarization values around 4.2 × 10−3
7FIG. 3. Partial density of states for Ta-d, Ti-d, O-p and N-p
atoms calculated for the V-4x8 SC. The corresponding atoms
are aligned with the graph. The energy scale is referred to
the Fermi level.
C/m2 for the 3x3, 3.3 × 10−3 C/m2 for the 4x4 and
2.7 × 10−3 C/m2 for the 5x5 in those with symmetric
octahedra (i = 1...n − 1), and a bigger ionic polariza-
tion around three times the one obtained before (12.1,
10.5 and 7.9×10−3 C/m2) at the non-symmetric sub-cell
(i = n). In counterpart, for the Ta containing shell, the
obtained polarization values are around 12.2×10−3 C/m2
for the 3x3, 9.3× 10−3 C/m2 for the 4x4 and 7.5× 10−3
C/m2 for the 5x5 for the symmetric trans-type sub-cells
(i = 2....n), with a decrease to around one third (3.9, 3.2
and 2.4×10−3 C/m2 respectively) for the non-symmetric
sub-cell (i = 1). It looks like the non-symmetric sub-cell
copies the polarization of the neighbor sub-cell on the
opposite layer. This behavior can be observed in Fig. 4.
In this Figure, the obtained values for the sub-cell lattice
constant cMi are depicted on the left axis and those cor-
responding to the ionic polarization on the right axis. It
can be observed that in the three cases the sub-cell con-
stant cSTN1 results longer than the following in the same
shell. This is due to the non-symmetry of the TaO5N oc-
tahedron that produces an elongation of the correspond-
ing sub-cell. On the opposite side, the last sub-cell in
the Ti shell cSTOn results shorter than the previous in the
same shell, in this case for the non-symmetric TiO5N
octahedron. In the figure it can also been observed an
inverse relation between polarization and the sub-lattice
constant cMi .
-V/m-SrTaO2N/n-SrTiO3 ionic polarization.
For the V/m-SrTaO2N/n-SrTiO3 SCs (from here on
V-4x8 and V-5x10), two different interface termina-
tions were built: one with the octahedra pair TiO6-
TaO5N (SrO-type), and the other with the octahedra
pair TiO5N-TaO4N2 at the interface (SrN- type). Total
energy considerations show that the SrO type are more
stable than the SrN type (∆E = 7 meV and 11 meV for
V-4x8 and V-5x10 respectively). In Table III and in Fig.
5 there are shown the results obtained for the cMi and
the ionic polarization of the respective internal sub-cells.
The results show that the polarization on each sub-cell
on both Ti and Ta shells are much lower than those ob-
tained for the multilayer nxn structures. This effect may
be associated with the fact that the electric dipole cou-
pling for the nxn multilayer occurs from the top and the
bottom faces of the SC, having the multilayers two (dif-
ferent) interfaces per SC, while for the V-mxn SCs there
is only one coupling interface. Also, no large decrease in
the ionic polarization as a function to the distance to the
interface is observed, suggesting a collective behavior in
each shell. The quasi-null value for the polarization for
the last sub-cell Tan in the SrN interface type structure
is due the lack of symmetry of the last TaO5N octahe-
dron. This fact is a requirement for charge neutrality
considerations.
Comparing the ionic polarization between SrO and
SrN interface-type structures, large differences can be ob-
served: the ionic polarization resulted much lower in the
Ti containing shells for SrN interface-type, due to the
non-symmetric first TiO5N octahedron.Also, the way to
initialize the Ta layer affects the sign of the resulting
polarization: in SrN interface-type cells, the Ta shells
present polarization values with the opposite sign than
that of the Ti shells, while for the SrO interface type,
the individual sub-cell polarization are in the same di-
rection. It should be noted that, the non-symmetric sub-
cell seems to mimic the polarization of the symmetric
sub-cell at the other side of the interface, as well as for
the multilayers SCs type occurs. Another result to re-
mark is that the sub-cell ionic polarization is lower for
SrN interface-type comparing to the corresponding SrO
one, and for the Ti containing shell for the SrN interface-
type is nearly null for the V-5x10 SC.
Another outstanding aspect in the analysis of the ori-
gin of the electric dipolar moment arises from the com-
parison of the individual ion displacement outside the
8FIG. 4. Color online. Sub-cell lattice constant c (left axis) and ionic polarization δ~p (right axis) calculated for the 3x3, 4x4
and 5x5 SCs. The arrows and colors indicate the corresponding vertical axis.
central-symmetric positions. In the ferroelectric space
group P4mm phases bulk ABO3 perovskites, the dipole
moment arises from the displacement in opposite direc-
tions of the central B cation and the O anions along
the direction of the axis c (in this representation, tak-
ing the A atoms position as the cell boundaries, and the
ab-plane at c/2 as the symmetry plane). In contrast,
for the present systems, a different behavior of the dis-
placements of anions and cations is observed. Figure 6
shows a projection of the atomic positions on the bc-plane
before and after the structural relaxation in the 5x5 mul-
tilayer SC. As mentioned, the starting structures were
built with centrosymmetric positions for the Ti layers,
and non-centrosymmetric positions for Ta layers, with
a small initial displacement in one direction of the Ta
cations (down from the central plane in Figure 6). After
the resulting atomic rearrangement due to relaxation, the
Ta moves upward, now occupying positions slightly above
the central symmetry plane, and the oxygen and nitrogen
atoms move away in the same direction. This configura-
tion results in a net dipole moment but based on different
displacement lengths of cations and anions in the same
direction. In the figure it can be observed that the only
exception occurs in the first sub-cell of Ta correspond-
ing to the interface, due to the asymmetry of the TaO5N
octahedron, in which the Ta remains slightly below the
plane of symmetry, and the anions move above it. The in-
dividual sub-cell polarization at the Ti layer side present
a similar behavior for some sub-cells (Ti 4-5 in Figure 6)
but not for all of them. Nevertheless, the local sub-cell
polarization has the same sign in the five cases Ti 1-5.
It should be mentioned that in order to ensure that the
final atomic configurations have not fallen within a local
energy minimum, different paths were taken to optimize
the initial structures, resulting in similar final endpoints
for all the pathways for each SC studied. In the Supple-
9mentary Information the whole atomic positions and cell
parameter are given.
B. Total Polarization.
Finally, the total (i.e. ionic plus electronic) polariza-
tion was computed for the optimized structures. For the
calculations, both the Modern Theory of Polarization by
means of the Berry Phase concept was used following the
guidelines in the work of Spalding40, and also the Born’s
effective charge tensor were computed30,31. As in the pre-
vious subsection, for the calculation of δ~p = ~pf − ~p 0, we
defined the initial phase to that one built from the final
relaxed structure by displacing the apical O/N atoms z
position in each octahedron to that of the corresponding
Sr atoms plane, together with the displacement of the
central Ta/Ti and O atoms z position to the midpoint of
the upper and lower Sr atoms plane. In this way we can
vary continuously the atomic positions toward the final
structure by means of a unique parameter λ that runs
from 0 to 1 and calculate the polarization variation as:
δ~p =
∫ 1
0
d~p
dλ
dλ. (4)
Within this method, the two types of contributions to
the polarization are calculated separately:
∆~P = δ~pionic + δ~pelectronic, (5)
and as a direct consequence, each component of the ionic
and electronic polarization is defined except for a mul-
tiple of the corresponding component of the quantum of
polarization:
qe
VC
~R =
qe
VC
~a1 + ~a2 + ~a3, (6)
where qe is the electron charge, VC is the cell volume
and the ~ai are the vectors of the Bravais network of the
structure associated with VC .
Due to the above-mentioned multi-valued character-
istic of the polarization, attention must be taken when
going from one structure to the other in order to cal-
culate the polarization variation ∆~P , in that the initial
and final values correspond to the same branch. So, for
each nxn SC, 10 intermediate structures were prepared,
starting with the initial structure (λ = 0) and approach-
ing gradually the final structure (λ = 1) by increasing λ
in 1/11 steps. Also, polarization quanta were calculated
for each structure. In this way we could identify and/or
correct the calculated intermediate values in order to en-
sure they belong to the same branch. In Figure 7 the
obtained results are shown for three different branches
for each nxn SC. Born’s effective charge is a tensor that
relates the macroscopic polarization component in each
xi direction with the collective displacement of a type-k
atom in the xj direction:
Zkij = V
∂Pi
∂xkj
|~E=0, (7)
where V is the volume of the cell, and ~E is the macro-
scopic electric field. The effective Born’s charge of a given
atom is a dynamic load in the sense that represents the
polarization response of a given type of atomic displace-
ment:
∆Pi ∼= 1
V
N∑
k=1
3∑
j=1
Zkij∆xkj . (8)
In the last expression, ∆xkj represents the atomic dis-
placements from the initial to the final structures.
The obtained results for ∆~P = δ~pionic +δ~pelectronic in the
001 direction are presented in Table IV. For the 3x3, 4x4
and 5x5 multilayer structures, the polarization is around
−0.5 C/m2, while for the unique-interface structures
V/4-SrTaO2N/8-SrTiO3 and V/5-SrTaO2N/10-SrTiO3
the corresponding values are lower: ∼ −0.029 and −0.039
C/m2 respectively. As a reference point, they should be
compared with the corresponding to the well-known fer-
roelectric BaTiO3, ≈ 0.26 C/m2. Also, it can be ob-
served a very good agreement in the polarization values
obtained by two very different calculation methods for
the multilayer nxn structures. For the V/m-SrTaO2N/n-
SrTiO3 structures the presence of the vacuum layer make
the calculation of the polarization by the Berry phase
method very difficult to obtain with a good convergence,
so they were discarded and only those obtained by the
Born’s effective charges are shown. An additional advan-
tage of the Born’s effective charge calculation is that it
provides the individual atomic contribution to the total
polarization. The individual obtained values are included
in the Supplementary Information. It is observed that,
for the nxn multilayer structures, the principal contribu-
tion arises from the Ta and Ti with asymmetric octahe-
dra (TaO5N and TiO5N), the Ti and Ta with symmetric
TiO6 and TiO4N2 at the interface, the N atoms, and the
O atoms corresponding to the intermediate Ti octahedra
(i.e., not belonging to an interface). On the other hand,
for the V-4x8 and V-5x10 single interface structures, the
mayor contributions come from the Ta atom at the inter-
face, the single N at the vacuum surface, the O atoms at
the interface, and the apical O atoms of the intermediate
TiO6 octahedra.
Thus, this result is encouraging. The macroscopic po-
larization results similar for the three SCs under study.
According to our knowledge this type of multilayer cells
has not yet been fabricated. Although the difference in
network constants between SrTiO3 and SrTaO2N is a
bit large, the simple interface has been successfully con-
structed in the cited experimental works. This leads
10
FIG. 5. Color online. Sub-cell lattice constant c (left axis) and ionic polarization δ~p (right axis) for the V-4x8 and V-5x10 (SrO
and SrN-type) SCs.
FIG. 6. Color online. Projection onto de bc-plane of the atomic positions and lattice constants before (blue) and after (red)
atomic positions and cell relaxations in the 5x5 SC. The atomic symbols are Sr (circle), Ta (pentagon), O (square), N (star)
and Ti (rhombus).
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FIG. 7. Total Polarization as a function of the order param-
eter λ for the 3x3, 4x4 and 5x5 SCs. The graphs show the
increment of the calculated P by varying quasi continuously
λ form the initial structure (λ = 0) to the final structure
(λ = 1). Three contiguous branches are plotted separated by
the corresponding quantum of Polarization in the c-direction.
Type of Super Cell Berry Phase Method
(C/m2)
Born’s Effective Charges Tensor Method
(C/m2)
3x3 -0.52 -0.51
4x4 -0.59 -0.49
5x5 -0.54 -0.49
V-4x8 -0.029
V-5x10 -0.039
TABLE IV. Total polarization for the different relaxed nxn
and V-mxn SCs obtained using the Modern Theory of Polar-
ization by the Berry phase method and the Born’s effective
charges tensor method.
to expect that this type of periodic structure can also
be manufactured. The results show that its develop-
ment can be of great interest. In the case of theV/m-
SrTaO2N/n-SrTiO3 structures, this last cell format is
close to the experimental studies on thin film STN de-
posited on STO substrate. Although the value obtained
for the total polarization is lower than in the case of mul-
tilayers, it was not zero, thus, the results presented in this
work supports the experimental results presented in the
work of D. Oka et al.17.
VI. SUMMARY AND CONCLUSIONS.
In this work we have analyzed the spontaneous rupture
of inversion symmetry in two naturally dielectric com-
pounds under normal conditions by the strain produced
by the formation of a heterostructure. The determined
net polarization appears as a consequence of the compres-
sion/tension stress that naturally arise between them un-
der epitaxial growth due to the mismatch between their
lattice constants. Different possible configurations were
analyzed: the multilayer structure, and an approxima-
tion to a thin unique interface scheme. As a result of
the proposed models, it was observed that the induced
electrical polarization strongly depends on the termina-
tion layer at the interface, according to the content of
oxygen or nitrogen atoms at the separation plane. The
atomic displacement in each individual sub-cell was ana-
lyzed in detail, showing that the distortions that lead to
electric polarization are not identical in each sub-cell, and
that the displacement of anions and cations in the epi-
taxial direction does not follow the conventional scheme
for phases with P4mm symmetry in perovskites. Finally,
the total electric polarization was calculated, resulting
for the multilayer structures in greater values than that
of the reference compound BaTiO3, leading to an open
field to further experimental studies and a strong inter-
est in the studied systems from the point of view of their
possible industrial applications.
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S 1
SUPPLEMENTARY INFORMATION.
In this Supplementary Information, there are included
seven tables (one for each SC in study) with the atomic
positions, in fractional units, before and after relaxation,
and the polarization contribution per atom, calculated
by the Born’s effective charge method.
3x3
A
CELL PARAMETERS (IN) CELL PARAMETERS (OUT) Born’s
Effective
Charge Method
a (A˚) b (A˚) c (A˚) a (A˚) b (A˚) c (A˚)
3.969 3.969 23.838298218 3.960428929 3.960428929 24.789206204
ATOMIC POSITIONS (crystal) ATOMIC POSITIONS (crystal) (C/m2)
Sr 0.0 0.0 0.50856396 0.0 0.0 0.512883519 0.0000
Sr 0.0 0.0 0.67237597 0.0 0.0 0.670470348 0.0000
Sr 0.0 0.0 0.83618799 0.0 0.0 0.828852174 0.0000
Sr 0.0 0.0 0.00000000 0.0 0.0 -0.015322074 0.0000
Sr 0.0 0.0 0.16952132 0.0 0.0 0.160333568 0.0000
Sr 0.0 0.0 0.33904264 0.0 0.0 0.334730332 0.0000
Ta 0.5 0.5 0.24607789 0.5 0.5 0.074220775 0.0117
Ta 0.5 0.5 0.41559921 0.5 0.5 0.247837171 0.0020
Ta 0.5 0.5 0.59046997 0.5 0.5 0.421397456 -0.0207
O 0.0 0.5 0.59046997 0.0 0.5 0.594217841 -0.0071
O 0.5 0.0 0.59046997 0.5 0.0 0.594217841 -0.0071
O 0.0 0.5 0.75428198 0.0 0.5 0.754028083 -0.0124
O 0.5 0.0 0.75428198 0.5 0.0 0.754028083 -0.0124
O 0.0 0.5 0.91809399 0.0 0.5 0.913686997 0.0020
O 0.5 0.0 0.91809399 0.5 0.0 0.913686997 0.0020
O 0.0 0.5 0.08556107 0.0 0.5 0.086148341 -0.0213
O 0.5 0.0 0.08556107 0.5 0.0 0.086148341 -0.0213
O 0.0 0.5 0.25508239 0.0 0.5 0.259777265 -0.0189
O 0.5 0.0 0.25508239 0.5 0.0 0.259777265 -0.0189
O 0.0 0.5 0.42460371 0.0 0.5 0.434138139 -0.0217
O 0.5 0.0 0.42460371 0.5 0.0 0.434138139 -0.0217
O 0.0 0.5 0.50856396 0.0 0.5 0.514815262 -0.0160
O 0.5 0.5 0.67237597 0.5 0.5 0.674414641 -0.0319
O 0.5 0.5 0.83618799 0.5 0.5 0.834009673 -0.0384
N 0.5 0.5 0.00054814 0.5 0.5 -0.001170743 -0.0847
N 0.5 0.5 0.17006945 0.5 0.5 0.172573261 -0.0587
N 0.5 0.5 0.33959077 0.5 0.5 0.346412181 -0.0596
Ti 0.5 0.5 0.59046997 0.5 0.5 0.589679377 -0.0206
Ti 0.5 0.5 0.75428198 0.5 0.5 0.74984407 0.0018
Ti 0.5 0.5 0.91809399 0.5 0.5 0.910319667 -0.0386
TABLE S1. Atomic positions and polarization contributions
per atom in the 3x3 SC.
S 2
4x4
A
CELL PARAMETERS (IN) CELL PARAMETERS (OUT) Born’s
Effective
Charge Method
a (A˚) b (A˚) c (A˚) a (A˚) b (A˚) c (A˚)
3.969 3.969 31.784398682 3.956501132 3.956501132 33.0941638732
ATOMIC POSITIONS (crystal) ATOMIC POSITIONS (crystal) (C/m2)
Sr 0.0 0.0 0.50856397 0.0 0.0 0.513492499 0.0000
Sr 0.0 0.0 0.63142298 0.0 0.0 0.631696332 0.0000
Sr 0.0 0.0 0.75428198 0.0 0.0 0.750793336 0.0000
Sr 0.0 0.0 0.87714099 0.0 0.0 0.869695092 0.0000
Sr 0.0 0.0 0.00000000 0.0 0.0 -0.013400303 0.0000
Sr 0.0 0.0 0.12714098 0.0 0.0 0.118396546 0.0000
Sr 0.0 0.0 0.25428197 0.0 0.0 0.249142908 0.0000
Sr 0.0 0.0 0.38142295 0.0 0.0 0.379870888 0.0000
Ta 0.5 0.5 0.05741742 0.5 0.5 0.053812858 0.0121
Ta 0.5 0.5 0.18455841 0.5 0.5 0.184211677 0.0031
Ta 0.5 0.5 0.31169939 0.5 0.5 0.314807561 0.0015
Ta 0.5 0.5 0.43884038 0.5 0.5 0.444961055 -0.0044
O 0.5 0.0 0.56999347 0.5 0.0 0.574605083 -0.0050
O 0.0 0.5 0.56999347 0.0 0.5 0.574605083 -0.0050
O 0.5 0.0 0.69285248 0.5 0.0 0.694279006 -0.0118
O 0.0 0.5 0.69285248 0.0 0.5 0.694279006 -0.0118
O 0.5 0.0 0.81571149 0.5 0.0 0.813854193 -0.0157
O 0.0 0.5 0.81571149 0.0 0.5 0.813854193 -0.0157
O 0.5 0.0 0.93857049 0.5 0.0 0.933523277 0.0022
O 0.0 0.5 0.93857049 0.0 0.5 0.933523277 0.0022
O 0.5 0.0 0.0641708 0.5 0.0 0.062890568 -0.0176
O 0.0 0.5 0.0641708 0.0 0.5 0.062890568 -0.0176
O 0.5 0.0 0.19131178 0.5 0.0 0.193277437 -0.0148
O 0.0 0.5 0.19131178 0.0 0.5 0.193277437 -0.0148
O 0.5 0.0 0.31845276 0.5 0.0 0.323866846 -0.0101
O 0.0 0.5 0.31845276 0.0 0.5 0.323866846 -0.0101
O 0.5 0.0 0.44559375 0.5 0.0 0.454605267 -0.0096
O 0.0 0.5 0.44559375 0.0 0.5 0.454605267 -0.0096
O 0.0 0.5 0.50856397 0.5 0.5 0.515118015 -0.0074
O 0.5 0.5 0.63142298 0.5 0.5 0.634650822 -0.0368
O 0.5 0.5 0.75428198 0.5 0.5 0.754161882 -0.0419
O 0.5 0.5 0.87714099 0.5 0.5 0.873803707 -0.0279
N 0.5 0.5 0.0004111 0.5 0.5 -0.002607276 -0.0604
N 0.5 0.5 0.12755208 0.5 0.5 0.127862839 -0.0524
N 0.5 0.5 0.25469307 0.5 0.5 0.258490199 -0.0428
N 0.5 0.5 0.38183405 0.5 0.5 0.388841466 -0.0236
Ti 0.5 0.5 0.56999347 0.5 0.5 0.57107449 -0.0172
Ti 0.5 0.5 0.69285248 0.5 0.5 0.69092418 -0.0054
Ti 0.5 0.5 0.81571149 0.5 0.5 0.810629077 0.0053
Ti 0.5 0.5 0.93857049 0.5 0.5 0.930880407 -0.0210
TABLE S2. Atomic positions and polarization contributions
per atom in the 4x4 SC.
S 3
5x5
A
CELL PARAMETERS (IN) CELL PARAMETERS (OUT) Born’s
Effective
Charge Method
a (A˚) b (A˚) c (A˚) a (A˚) b (A˚) c (A˚)
3.969 3.969 39.730497032 3.9587355115 3.9587355115 41.404531081
ATOMIC POSITIONS (crystal) ATOMIC POSITIONS (crystal) (C/m2)
Sr 0.0 0.0 0.50856393 0.0 0.0 0.513859138 0.0000
Sr 0.0 0.0 0.60685115 0.0 0.0 0.608449083 0.0000
Sr 0.0 0.0 0.70513835 0.0 0.0 0.703753505 0.0000
Sr 0.0 0.0 0.80342556 0.0 0.0 0.799159185 0.0000
Sr 0.0 0.0 0.90171276 0.0 0.0 0.894371574 0.0000
Sr 0.0 0.0 0.00000000 0.0 0.0 -0.012153008 0.0000
Sr 0.0 0.0 0.10171279 0.0 0.0 0.093283716 0.0000
Sr 0.0 0.0 0.20342557 0.0 0.0 0.197858056 0.0000
Sr 0.0 0.0 0.30513836 0.0 0.0 0.302329211 0.0000
Sr 0.0 0.0 0.40685115 0.0 0.0 0.406858615 0.0000
Ta 0.5 0.5 0.04593394 0.5 0.5 0.041631719 0.0053
Ta 0.5 0.5 0.14764672 0.5 0.5 0.145929734 0.0014
Ta 0.5 0.5 0.24935951 0.5 0.5 0.250497263 0.0016
Ta 0.5 0.5 0.3510723 0.5 0.5 0.354925433 0.0017
Ta 0.5 0.5 0.45278509 0.5 0.5 0.459073567 -0.0118
O 0.5 0.0 0.55770754 0.5 0.0 0.562846096 -0.0061
O 0.0 0.5 0.55770754 0.0 0.5 0.562846096 -0.0061
O 0.5 0.0 0.65599474 0.5 0.0 0.658534603 -0.0088
O 0.0 0.5 0.65599474 0.0 0.5 0.658534603 -0.0088
O 0.5 0.0 0.75428195 0.5 0.0 0.7540433 -0.0093
O 0.0 0.5 0.75428195 0.0 0.5 0.7540433 -0.0093
O 0.5 0.0 0.85256917 0.5 0.0 0.849728716 -0.0110
O 0.0 0.5 0.85256917 0.0 0.5 0.849728716 -0.0110
O 0.5 0.0 0.95085636 0.5 0.0 0.945447236 0.0058
O 0.0 0.5 0.95085636 0.0 0.5 0.945447236 0.0058
O 0.5 0.0 0.05133664 0.5 0.0 0.04897692 -0.0091
O 0.0 0.5 0.05133664 0.0 0.5 0.04897692 -0.0091
O 0.5 0.0 0.15304942 0.5 0.0 0.153259942 -0.0068
O 0.0 0.5 0.15304942 0.0 0.5 0.153259942 -0.0068
O 0.5 0.0 0.25476221 0.5 0.0 0.257813927 -0.0068
O 0.0 0.5 0.25476221 0.0 0.5 0.257813927 -0.0068
O 0.5 0.0 0.356475 0.5 0.0 0.362244325 -0.0090
O 0.0 0.5 0.356475 0.0 0.5 0.362244325 -0.0090
O 0.5 0.0 0.45818779 0.5 0.0 0.46688181 -0.0150
O 0.0 0.5 0.45818779 0.0 0.5 0.46688181 -0.0150
O 0.5 0.5 0.50856393 0.5 0.5 0.515243343 -0.0135
O 0.5 0.5 0.60685115 0.5 0.5 0.610859859 -0.0253
O 0.5 0.5 0.70513835 0.5 0.5 0.706363373 -0.0264
O 0.5 0.5 0.80342556 0.5 0.5 0.801972698 -0.0285
O 0.5 0.5 0.90171276 0.5 0.5 0.897663573 -0.0299
N 0.5 0.5 0.00032888 0.5 0.5 -0.003439397 -0.0477
N 0.5 0.5 0.10204167 0.5 0.5 0.100924515 -0.0246
N 0.5 0.5 0.20375445 0.5 0.5 0.205492647 -0.0214
N 0.5 0.5 0.30546724 0.5 0.5 0.309934728 -0.0237
N 0.5 0.5 0.40718003 0.5 0.5 0.414233145 -0.0328
Ti 0.5 0.5 0.55770754 0.5 0.5 0.559925839 -0.0163
Ti 0.5 0.5 0.65599474 0.5 0.5 0.655760579 -0.0045
Ti 0.5 0.5 0.75428195 0.5 0.5 0.751320378 -0.0018
Ti 0.5 0.5 0.85256917 0.5 0.5 0.84707003 0.0040
Ti 0.5 0.5 0.95085636 0.5 0.5 0.943226749 -0.0444
TABLE S3. Atomic positions and polarization contributions
per atom in the 5x5 SC.
S 4
V-4x8 Type SrO
A
CELL PARAMETERS (IN) CELL PARAMETERS (OUT) Born’s
Effective
Charge Method
a (A˚) b (A˚) c (A˚) a (A˚) b (A˚) c (A˚)
3.969 3.969 57.404396876 3.9542 3.9542 58.2759
ATOMIC POSITIONS (crystal) ATOMIC POSITIONS (crystal) (C/m2)
Sr 0.0 0.0 0.28158819 0.0 0.0 0.285554998 0.0000
Sr 0.0 0.0 0.34961433 0.0 0.0 0.351845779 0.0000
Sr 0.0 0.0 0.41764047 0.0 0.0 0.418960923 0.0000
Sr 0.0 0.0 0.48566661 0.0 0.0 0.486249907 0.0000
Sr 0.0 0.0 0.55369276 0.0 0.0 0.553604311 0.0000
Sr 0.0 0.0 0.62171889 0.0 0.0 0.621153847 0.0000
Sr 0.0 0.0 0.68974504 0.0 0.0 0.689105589 0.0000
Sr 0.0 0.0 0.75777117 0.0 0.0 0.758781586 0.0000
Sr 0.0 0.0 0.00000000 0.0 0.0 -0.005480721 0.0000
Sr 0.0 0.0 0.07039704 0.0 0.0 0.065729618 0.0000
Sr 0.0 0.0 0.14079408 0.0 0.0 0.138334888 0.0000
Sr 0.0 0.0 0.21119112 0.0 0.0 0.211174709 0.0000
Ta 0.5 0.5 0.03179161 0.5 0.5 0.028001869 -0.0005
Ta 0.5 0.5 0.10218865 0.5 0.5 0.101256077 0.0001
Ta 0.5 0.5 0.17258569 0.5 0.5 0.173939898 -0.0001
Ta 0.5 0.5 0.24298273 0.5 0.5 0.24634435 -0.0027
O 0.5 0.0 0.79178425 0.5 0.0 0.790075398 -0.0002
O 0.0 0.5 0.79178425 0.0 0.5 0.790075398 -0.0002
O 0.5 0.0 0.7237581 0.5 0.0 0.722653675 0.0000
O 0.0 0.5 0.7237581 0.0 0.5 0.722653675 0.0000
O 0.5 0.0 0.65573197 0.5 0.0 0.655126097 -0.0002
O 0.0 0.5 0.65573197 0.0 0.5 0.655126097 -0.0002
O 0.5 0.0 0.58770583 0.5 0.0 0.587589422 -0.0008
O 0.0 0.5 0.58770583 0.0 0.5 0.587589422 -0.0008
O 0.5 0.0 0.51967968 0.5 0.0 0.520214145 0.0006
O 0.0 0.5 0.51967968 0.0 0.5 0.520214145 0.0006
O 0.5 0.0 0.45165354 0.5 0.0 0.452909777 -0.0002
O 0.0 0.5 0.45165354 0.0 0.5 0.452909777 -0.0002
O 0.5 0.0 0.38362741 0.5 0.0 0.385552401 -0.0004
O 0.0 0.5 0.38362741 0.0 0.5 0.385552401 -0.0004
O 0.5 0.0 0.31560125 0.5 0.0 0.318071611 -0.0004
O 0.0 0.5 0.31560125 0.0 0.5 0.318071611 -0.0004
O 0.5 0.0 0.24672202 0.5 0.0 0.250461648 -0.0003
O 0.0 0.5 0.24672202 0.0 0.5 0.250461648 -0.0003
O 0.5 0.0 0.17632499 0.5 0.0 0.177736344 0.0000
O 0.0 0.5 0.17632499 0.0 0.5 0.177736344 0.0000
O 0.5 0.0 0.10592795 0.5 0.0 0.105064955 0.0017
O 0.0 0.5 0.10592795 0.0 0.5 0.105064955 0.0017
O 0.5 0.0 0.0355309 0.5 0.0 0.031781652 0.0000
O 0.0 0.5 0.0355309 0.0 0.5 0.031781652 0.0000
O 0.5 0.5 0.50856393 0.5 0.5 0.284469898 0.0023
O 0.5 0.5 0.60685115 0.5 0.5 0.351866946 -0.0001
O 0.5 0.5 0.70513835 0.5 0.5 0.419225333 -0.0010
O 0.5 0.5 0.80342556 0.5 0.5 0.486565372 -0.0012
O 0.5 0.5 0.90171276 0.5 0.5 0.553932208 -0.0013
O 0.5 0.5 0.00032888 0.5 0.5 0.621412939 -0.0010
O 0.5 0.5 0.10204167 0.5 0.5 0.688953872 0.0006
O 0.5 0.5 0.20375445 0.5 0.5 0.756691147 0.0077
N 0.5 0.5 0.30546724 0.5 0.5 -0.004579815 -0.0011
N 0.5 0.5 0.40718003 0.5 0.5 0.068638306 -0.0006
N 0.5 0.5 0.55770754 0.5 0.5 0.141344443 0.0000
N 0.5 0.5 0.65599474 0.5 0.5 0.213907402 -0.0007
Ti 0.5 0.5 0.75428195 0.5 0.5 0.317383607 -0.0046
Ti 0.5 0.5 0.85256917 0.5 0.5 0.385021675 -0.0017
Ti 0.5 0.5 0.95085636 0.5 0.5 0.452423716 -0.0009
Ti 0.5 0.5 0.51967968 0.5 0.5 0.519760761 -0.0008
Ti 0.5 0.5 0.58770583 0.5 0.5 0.587149414 -0.0011
Ti 0.5 0.5 0.65573197 0.5 0.5 0.654599868 -0.0026
Ti 0.5 0.5 0.7237581 0.5 0.5 0.721821759 -0.0101
Ti 0.5 0.5 0.79178425 0.5 0.5 0.788115649 -0.0078
TABLE S4. Atomic positions and polarization contributions
per atom in the V-4x8 Type SrO SC.
S 5
V-4x8 Type SrN
A
CELL PARAMETERS (IN) CELL PARAMETERS (OUT)
a (A˚) b (A˚) c (A˚) a (A˚) b (A˚) c (A˚)
3.969 3.969 57.404396876 3.9579747444 3.9579747444 58.270753334
ATOMIC POSITIONS (crystal) ATOMIC POSITIONS (crystal)
Sr 0.0 0.0 0.28158819 0.0 0.0 0.286796419
Sr 0.0 0.0 0.34961433 0.0 0.0 0.352465736
Sr 0.0 0.0 0.41764047 0.0 0.0 0.419346471
Sr 0.0 0.0 0.48566661 0.0 0.0 0.48655938
Sr 0.0 0.0 0.55369276 0.0 0.0 0.55388412
Sr 0.0 0.0 0.62171889 0.0 0.0 0.621387879
Sr 0.0 0.0 0.68974504 0.0 0.0 0.689358758
Sr 0.0 0.0 0.75777117 0.0 0.0 0.759074913
Sr 0.0 0.0 0.00000000 0.0 0.0 -0.001976023
Sr 0.0 0.0 0.07039704 0.0 0.0 0.068945066
Sr 0.0 0.0 0.14079408 0.0 0.0 0.140926021
Sr 0.0 0.0 0.21119112 0.0 0.0 0.213174489
Ta 0.5 0.5 0.03179161 0.5 0.5 0.033117246
Ta 0.5 0.5 0.10218865 0.5 0.5 0.105571775
Ta 0.5 0.5 0.17258569 0.5 0.5 0.177727693
Ta 0.5 0.5 0.24298273 0.5 0.5 0.24949255
O 0.5 0.0 0.79178425 0.5 0.0 0.789784962
O 0.0 0.5 0.79178425 0.0 0.5 0.789784962
O 0.5 0.0 0.7237581 0.5 0.0 0.72248547
O 0.0 0.5 0.7237581 0.0 0.5 0.72248547
O 0.5 0.0 0.65573197 0.5 0.0 0.655092777
O 0.0 0.5 0.65573197 0.0 0.5 0.655092777
O 0.5 0.0 0.58770583 0.5 0.0 0.587663728
O 0.0 0.5 0.58770583 0.0 0.5 0.587663728
O 0.5 0.0 0.51967968 0.5 0.0 0.520304386
O 0.0 0.5 0.51967968 0.0 0.5 0.520304386
O 0.5 0.0 0.45165354 0.5 0.0 0.452980554
O 0.0 0.5 0.45165354 0.0 0.5 0.452980554
O 0.5 0.0 0.38362741 0.5 0.0 0.385607917
O 0.0 0.5 0.38362741 0.0 0.5 0.385607917
O 0.5 0.0 0.31560125 0.5 0.0 0.318090249
O 0.0 0.5 0.31560125 0.0 0.5 0.318090249
O 0.5 0.0 0.24672202 0.5 0.0 0.246234728
O 0.0 0.5 0.24672202 0.0 0.5 0.246234728
O 0.5 0.0 0.17632499 0.5 0.0 0.174485167
O 0.0 0.5 0.17632499 0.0 0.5 0.174485167
O 0.5 0.0 0.10592795 0.5 0.0 0.102335185
O 0.0 0.5 0.10592795 0.0 0.5 0.102335185
O 0.5 0.0 0.0355309 0.5 0.0 0.030008839
O 0.0 0.5 0.0355309 0.0 0.5 0.030008839
O 0.5 0.5 0.28158819 0.5 0.5 0.28253055
O 0.5 0.5 0.34961433 0.5 0.5 0.352015025
O 0.5 0.5 0.41764047 0.5 0.5 0.41934174
O 0.5 0.5 0.48566661 0.5 0.5 0.486655276
O 0.5 0.5 0.55369276 0.5 0.5 0.553989698
O 0 .5 0.5 0.62171889 0.5 0.5 0.6214101
O 0.5 0.5 0.68974504 0.5 0.5 0.688906741
O 0.5 0.5 0.75777117 0.5 0.5 0.756549792
N 0.5 0.5 0.00022762 0.5 0.5 -0.003626669
N 0.5 0.5 0.07062466 0.5 0.5 0.066225778
N 0.5 0.5 0.14102171 0.5 0.5 0.138502267
N 0.5 0.5 0.21141874 0.5 0.5 0.210625375
Ti 0.5 0.5 0.31560125 0.5 0.5 0.317595841
Ti 0.5 0.5 0.38362741 0.5 0.5 0.385428075
Ti 0.5 0.5 0.45165354 0.5 0.5 0.452856608
Ti 0.5 0.5 0.51967968 0.5 0.5 0.520190794
Ti 0.5 0.5 0.58770583 0.5 0.5 0.587545776
Ti 0.5 0.5 0.65573197 0.5 0.5 0.654907674
Ti 0.5 0.5 0.7237581 0.5 0.5 0.722010713
Ti 0.5 0.5 0.79178425 0.5 0.5 0.788074812
TABLE S5. Atomic positions in the V-4x8 Type SrN SC.
S 6
V-5x10 Type SrO
A
CELL PARAMETERS (IN) CELL PARAMETERS (OUT) Born’s
Effective
Charge Method
a (A˚) b (A˚) c (A˚) a (A˚) b (A˚) c (A˚)
3.969 3.969 69.255495893 3.9557999484 3.9557999484 70.3555836411
ATOMIC POSITIONS (crystal) ATOMIC POSITIONS (crystal) (C/m2)
Sr 0.0 0.0 0.29175302 0.0 0.0 0.295780139 0.0000
Sr 0.0 0.0 0.34813843 0.0 0.0 0.350706958 0.0000
Sr 0.0 0.0 0.40452385 0.0 0.0 0.406260688 0.0000
Sr 0.0 0.0 0.46090925 0.0 0.0 0.461965213 0.0000
Sr 0.0 0.0 0.51729466 0.0 0.0 0.517671549 0.0000
Sr 0.0 0.0 0.57368008 0.0 0.0 0.573456327 0.0000
Sr 0.0 0.0 0.63006549 0.0 0.0 0.629376737 0.0000
Sr 0.0 0.0 0.68645089 0.0 0.0 0.68543746 0.0000
Sr 0.0 0.0 0.74283631 0.0 0.0 0.741776421 0.0000
Sr 0.0 0.0 0.79922172 0.0 0.0 0.79945229 0.0000
Sr 0.0 0.0 0.00000000 0.0 0.0 -0.005689487 0.0000
Sr 0.0 0.0 0.0583506 0.0 0.0 0.053198144 0.0000
Sr 0.0 0.0 0.11670119 0.0 0.0 0.113449696 0.0000
Sr 0.0 0.0 0.17505179 0.0 0.0 0.17372083 0.0000
Sr 0.0 0.0 0.23340239 0.0 0.0 0.234098962 0.0000
Ta 0 .5 0.5 0.02635138 0.5 0.5 0.022003935 -0.0005
Ta 0.5 0.5 0.08470198 0.5 0.5 0.082789326 0.0001
Ta 0.5 0.5 0.14305258 0.5 0.5 0.143107301 0.0001
Ta 0.5 0.5 0.20140318 0.5 0.5 0.203321562 0.0000
Ta 0.5 0.5 0.25975378 0.5 0.5 0.263369916 -0.0022
O 0.5 0.0 0.31994573 0.5 0.0 0.322843477 0.0004
O 0.0 0.5 0.31994573 0.0 0.5 0.322843477 0.0004
O 0.5 0.0 0.37633114 0.5 0.0 0.37870477 -0.0003
O 0.0 0.5 0.37633114 0.0 0.5 0.37870477 -0.0003
O 0.5 0.0 0.43271655 0.5 0.0 0.434495988 -0.0005
O 0.0 0.5 0.43271655 0.0 0.5 0.434495988 -0.0005
O 0.5 0.0 0.48910196 0.5 0.0 0.490198193 -0.0005
O 0.0 0.5 0.48910196 0.0 0.5 0.490198193 -0.0006
O 0.5 0.0 0.54548737 0.5 0.0 0.545921293 -0.0005
O 0.0 0.5 0.54548737 0.0 0.5 0.545921293 -0.0005
O 0.5 0.0 0.60187278 0.5 0.0 0.601753108 -0.0005
O 0.0 0.5 0.60187278 0.0 0.5 0.601753108 -0.0005
O 0.5 0.0 0.6582582 0.5 0.0 0.657708597 -0.0005
O 0.0 0.5 0.6582582 0.0 0.5 0.657708597 -0.0005
O 0.5 0.0 0.7146436 0.5 0.0 0.713760649 -0.0002
O 0.0 0.5 0.7146436 0.0 0.5 0.713760649 -0.0002
O 0.5 0.0 0.77102901 0.5 0.0 0.769764438 0.0013
O 0.0 0.5 0.77102901 0.0 0.5 0.769764438 0.0013
O 0.5 0.0 0.82741443 0.5 0.0 0.825600931 0.0000
O 0.0 0.5 0.82741443 0.0 0.5 0.825600931 0.0000
O 0.5 0.0 0.0294508 0.5 0.0 0.025141821 -0.0002
O 0.0 0.5 0.0294508 0.0 0.5 0.025141821 -0.0002
O 0.5 0.0 0.0878014 0.5 0.0 0.086047707 0.0000
O 0.0 0.5 0.0878014 0.0 0.5 0.086047707 0.0000
O 0.5 0.0 0.146152 0.5 0.0 0.14636021 0.0000
O 0.0 0.5 0.146152 0.0 0.5 0.14636021 0.0000
O 0.5 0.0 0.2045026 0.5 0.0 0.206580911 -0.0001
O 0.0 0.5 0.2045026 0.0 0.5 0.206580911 -0.0001
O 0.5 0.0 0.2628532 0.5 0.0 0.266888221 -0.0008
O 0.0 0.5 0.2628532 0.0 0.5 0.266888221 -0.0008
O 0.5 0.5 0.29175302 0.5 0.5 0.295030379 0.0017
O 0.5 0.5 0.34813843 0.5 0.5 0.350855463 -0.0005
O 0.5 0.5 0.40452385 0.5 0.5 0.406615352 -0.0014
O 0.5 0.5 0.46090925 0.5 0.5 0.462352263 -0.0016
O 0.5 0.5 0.51729466 0.5 0.5 0.518074507 -0.0017
O 0.5 0.5 0.57368008 0.5 0.5 0.573860934 -0.0018
O 0.5 0.5 0.63006549 0.5 0.5 0.629769657 -0.0017
O 0.5 0.5 0.68645089 0.5 0.5 0.685768332 -0.0014
O 0.5 0.5 0.74283631 0.5 0.5 0.741796681 -0.0001
O 0.5 0.5 0.79922172 0.5 0.5 0.797934295 0.0063
N 0.5 0.5 0.00018867 0.5 0.5 -0.004940197 -0.0010
N 0.5 0.5 0.05853927 0.5 0.5 0.055814102 -0.0006
N 0.5 0.5 0.11688986 0.5 0.5 0.116144657 0.0003
N 0.5 0.5 0.17524046 0.5 0.5 0.17637923 0.0002
N 0.5 0.5 0.23359106 0.5 0.5 0.236558402 -0.0006
Ti 0.5 0.5 0.31994573 0.5 0.5 0.322175866 -0.0041
Ti 0.5 0.5 0.37633114 0.5 0.5 0.378185814 -0.0014
Ti 0.5 0.5 0.43271655 0.5 0.5 0.433990622 -0.0006
Ti 0.5 0.5 0.48910196 0.5 0.5 0.489714063 -0.0006
Ti 0.5 0.5 0.54548737 0.5 0.5 0.545446815 -0.0006
Ti 0.5 0.5 0.60187278 0.5 0.5 0.601273759 -0.0008
Ti 0.5 0.5 0.6582582 0.5 0.5 0.657217301 -0.0010
Ti 0.5 0.5 0.7146436 0.5 0.5 0.713194228 -0.0023
Ti 0.5 0.5 0.77102901 0.5 0.5 0.768961222 -0.0088
Ti 0.5 0.5 0.82741443 0.5 0.5 0.823919556 -0.0074
TABLE S6. Atomic positions and polarization contributions
per atom in the V-5x10 Type SrO SC.
S 7
V-5x10 Type SrN
A
CELL PARAMETERS (IN) CELL PARAMETERS (OUT)
a (A˚) b (A˚) c (A˚) a (A˚) b (A˚) c (A˚)
3.969 3.969 70.353 3.959435465 3.959435465 70.337002752
ATOMIC POSITIONS (crystal) ATOMIC POSITIONS (crystal)
Sr 0.0 0.0 0.29175302 0.0 0.0 0.296967173
Sr 0.0 0.0 0.34813843 0.0 0.0 0.350977768
Sr 0.0 0.0 0.40452385 0.0 0.0 0.406038902
Sr 0.0 0.0 0.46090925 0.0 0.0 0.46152718
Sr 0.0 0.0 0.51729466 0.0 0.0 0.517508933
Sr 0.0 0.0 0.57368008 0.0 0.0 0.573752579
Sr 0.0 0.0 0.63006549 0.0 0.0 0.63006129
Sr 0.0 0.0 0.68645089 0.0 0.0 0.686323663
Sr 0.0 0.0 0.74283631 0.0 0.0 0.742580965
Sr 0.0 0.0 0.79922172 0.0 0.0 0.799951067
Sr 0.0 0.0 0.00000000 0.0 0.0 -0.001909218
Sr 0.0 0.0 0.0583506 0.0 0.0 0.056748129
Sr 0.0 0.0 0.11670119 0.0 0.0 0.116311362
Sr 0.0 0.0 0.17505179 0.0 0.0 0.176032751
Sr 0.0 0.0 0.23340239 0.0 0.0 0.236015946
Ta 0.5 0.5 0.02635138 0.5 0.5 0.026950245
Ta 0.5 0.5 0.08470198 0.5 0.5 0.086955665
Ta 0.5 0.5 0.14305258 0.5 0.5 0.146741382
Ta 0.5 0.5 0.20140318 0.5 0.5 0.206459912
Ta 0.5 0.5 0.25975378 0.5 0.5 0.265982287
O 0.5 0.0 0.31994573 0.5 0.0 0.32271966
O 0.0 0.5 0.31994573 0.0 0.5 0.32271966
O 0.5 0.0 0.37633114 0.5 0.0 0.378202029
O 0.0 0.5 0.37633114 0.0 0.5 0.378202029
O 0.5 0.0 0.43271655 0.5 0.0 0.43358976
O 0.0 0.5 0.43271655 0.0 0.5 0.43358976
O 0.5 0.0 0.48910196 0.5 0.0 0.489357379
O 0.0 0.5 0.48910196 0.0 0.5 0.489357379
O 0.5 0.0 0.54548737 0.5 0.0 0.545529378
O 0.0 0.5 0.54548737 0.0 0.5 0.545529378
O 0.5 0.0 0.60187278 0.5 0.0 0.601841163
O 0.0 0.5 0.60187278 0.0 0.5 0.601841163
O 0.5 0.0 0.6582582 0.5 0.0 0.658102109
O 0.0 0.5 0.6582582 0.0 0.5 0.658102109
O 0.5 0.0 0.7146436 0.5 0.0 0.714105889
O 0.0 0.5 0.7146436 0.0 0.5 0.714105889
O 0.5 0.0 0.77102901 0.5 0.0 0.769809612
O 0.0 0.5 0.77102901 0.0 0.5 0.769809612
O 0.5 0.0 0.82741443 0.5 0.0 0.825530281
O 0.0 0.5 0.82741443 0.0 0.5 0.825530281
O 0.5 0.0 0.0294508 0.5 0.0 0.02441445
O 0.0 0.5 0.0294508 0.0 0.5 0.02441445
O 0.5 0.0 0.0878014 0.5 0.0 0.084142417
O 0.0 0.5 0.0878014 0.0 0.5 0.084142417
O 0.5 0.0 0.146152 0.5 0.0 0.143826505
O 0.0 0.5 0.146152 0.0 0.5 0.143826505
O 0.5 0.0 0.2045026 0.5 0.0 0.203571124
O 0.0 0.5 0.2045026 0.0 0.5 0.203571124
O 0.5 0.0 0.2628532 0.5 0.0 0.263166258
O 0.0 0.5 0.2628532 0.0 0.5 0.263166258
O 0.5 0.5 0.34813843 0.5 0.5 0.350457238
O 0.5 0.5 0.40452385 0.5 0.5 0.405914571
O 0.5 0.5 0.46090925 0.5 0.5 0.461539722
O 0.5 0.5 0.51729466 0.5 0.5 0.517494611
O 0.5 0.5 0.57368008 0.5 0.5 0.573710817
O 0.5 0.5 0.63006549 0.5 0.5 0.629990276
O 0.5 0.5 0.68645089 0.5 0.5 0.686128947
O 0.5 0.5 0.74283631 0.5 0.5 0.742023746
O 0.5 0.5 0.79922172 0.5 0.5 0.797959657
O 0.5 0.5 0.00018867 0.5 0.5 -0.003372075
N 0.5 0.5 0.05853927 0.5 0.5 0.05430743
N 0.5 0.5 0.11688986 0.5 0.5 0.11413344
N 0.5 0.5 0.17524046 0.5 0.5 0.17388814
N 0.5 0.5 0.23359106 0.5 0.5 0.233615404
N 0.5 0.5 0.29175302 0.5 0.5 0.293220176
Ti 0.5 0.5 0.31994573 0.5 0.5 0.322366487
Ti 0.5 0.5 0.37633114 0.5 0.5 0.378130544
Ti 0.5 0.5 0.43271655 0.5 0.5 0.433644536
Ti 0.5 0.5 0.48910196 0.5 0.5 0.489402621
Ti 0.5 0.5 0.54548737 0.5 0.5 0.545490801
Ti 0.5 0.5 0.60187278 0.5 0.5 0.601744687
Ti 0.5 0.5 0.6582582 0.5 0.5 0.657947717
Ti 0.5 0.5 0.7146436 0.5 0.5 0.713861422
Ti 0.5 0.5 0.77102901 0.5 0.5 0.769389892
Ti 0.5 0.5 0.82741443 0.5 0.5 0.824103085
TABLE S7. Atomic positions in the V-5x10 Type SrN SC.
